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Vaccinia topoisomerase provides a model system for structure–function analysis of the type IB topoisomerase family. Here we performed an
alanine scan of eight positions in the β4 and β5 strands of the N-terminal domain (Leu57, Ile58, Phe59, Val60, Gly61, Ser62, Gln69 and Gly73)
and eight positions in the α8-α9 loop of the C-terminal catalytic domain (Ser241, Ile242, Ser243, Pro244, Leu245, Pro246, Ser247, and Pro248).
Mutants F59A, G73A, and Q69A displayed rate defects in relaxing supercoiled DNA that were attributed to effects on DNA binding rather than
transesterification chemistry. Replacing Gln69 conservatively with Asn, Glu or Lys failed to restore relaxation activity. Gln69 is located along a
concave DNA-binding surface of the N-terminal domain and it makes direct contact with the +2A base of the 5′-CCCTT/3-GGGAA target site for
DNA cleavage. Gly73 is located at the junction between the N-terminal domain and catalytic domain and it is likely to act as a swivel for the large
domain movements that coordinate DNA ingress and closure of the topoisomerase clamp around the duplex. Previous alanine scanning had
identified Phe215 in helix α7 of the catalytic domain as contributing to DNA relaxation activity. Here we find that F215L resembles F215A in its
diminished relaxation activity and its sensitivity to inhibition by salt. The Phe215 side chain makes van der Waals contacts to Ile98, Met121 and
Phe101, which we propose stabilize a three helix bundle and promote clamp closure.
© 2006 Elsevier Inc. All rights reserved.Keywords: Poxvirus; Topoisomerase IB; Transesterification; Sequence specificityIntroduction
Vaccinia virus DNA topoisomerase exemplifies the type IB
DNA topoisomerase family, which includes eukaryotic nuclear
and mitochondrial topoisomerase I, the topoisomerases
encoded by all genera of poxviruses, mimivirus topoisomerase,
and a bacterial family of poxvirus-like topoisomerases (Zhang
et al., 2001; Krogh and Shuman, 2002a, 2002b; Benarroch et
al., 2005). Vaccinia topoisomerase relaxes supercoils by: (i)
binding to duplex DNA, (ii) cleaving one DNA strand to form a
covalent DNA-(3′-phosphotyrosyl)-protein intermediate, (iii)
allowing rotation of the DNA about the nick, and (iv) religating
the cleaved strand to restore the phosphodiester backbone. The
314-amino-acid vaccinia topoisomerase is the smallest topoi-⁎ Corresponding author.
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doi:10.1016/j.virol.2006.08.056somerase known and it displays a specificity for transesterifica-
tion at DNA sites containing the sequence 5′-(C/T)CCTT↓
immediately 5′ of the scissile bond (Shuman and Prescott,
1990). All poxvirus topoisomerases display this distinctive
target site specificity, which is presumed to be relevant to the
role of the topoisomerase in poxvirus gene expression
(Klemperer et al., 1995; Palaniyar et al., 1996; Petersen et al.,
1997; Hwang et al., 1998; Krogh et al., 1999; Da Fonseca and
Moss, 2003).
Vaccinia topoisomerase consists of two structural mod-
ules. The C-terminal catalytic domain consists of ten α
helices and a three-stranded antiparallel β-sheet packed
against one surface (Cheng et al., 1998) (Fig. 1). The smaller
N-terminal domain forms a 5-stranded antiparallel β-sheet
with two short α helices (Sharma et al., 1994). Topoisome-
rase binds DNA circumferentially as a C-shaped protein
clamp in which the N-terminal domain interacts with the
major groove on the face of the helix opposite the cleavage
site while the C-terminal catalytic domain interacts with the
Fig. 1. Primary and secondary structure of poxvirus topoisomerase. The amino acid sequence of vaccinia virus (vv) topoisomerase is aligned with those of
topoisomerases from other poxviruses: Shope fibroma virus (sf), myxoma virus (mv), molluscum contagiosum virus (mc), Orf virus (ov), fowlpox virus (fp),
Melanoplus sanguinipes entomopoxvirus (Ms) and Amsacta moorei entomopoxvirus (Am). The secondary structure elements of the enzyme in the noncovalent
protein–DNA complex (Perry et al., 2006) are displayed above the sequence; β strands are denoted by arrows and α helices by horizontal bars. The Tyr274 nucleophile
and 15 other conserved residues involved in either transesterification chemistry (purple) or DNA binding (green) are highlighted in shaded boxes. Residues targeted for
alanine scanning in the present study are denoted by ∣. Residues mutated previously are denoted by •.
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scissile phosphodiester (Sekiguchi and Shuman, 1994; Cheng
et al., 1998; Redinbo et al., 1998; Perry et al., 2006).
Biochemical and crystallographic studies suggest that DNA
binding triggers conformational changes that recruit the full
set of catalytic side chains into the active site (Sekiguchi andShuman, 1995; Cheng et al., 1998; Tian et al., 2004a,
2004b; Patel et al., 2006; Perry et al., 2006).
A constellation of 4 amino acid side chains of vaccinia
topoisomerase (Arg130, Lys167, Arg223, and His265) cata-
lyzes the attack of the tyrosine nucleophile (Tyr274) on the
scissile phosphodiester (Wittschieben and Shuman, 1997;
Fig. 2. Topoisomerase mutants. Aliquots (5 μg) of the indicated phosphocellu-
lose preparations of vaccinia topoisomerase were analyzed by SDS-PAGE.
Polypeptides were visualized by staining the gel with Coomassie brilliant blue
dye. The positions and molecular weights (in kDa) of co-electrophoresed protein
standards are indicated on the left. The topoisomerase polypeptide is indicated
by the arrowhead at right.
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and structural data suggest that the two arginines and the
histidine interact directly with the scissile phosphodiester and
enhance catalysis by stabilizing the developing negative charge
on a pentacoordinate phosphorane transition state (Stivers et al.,
2000; Tian et al., 2003, 2005; Nagarajan et al., 2005; Perry et
al., 2006). Lys167, which sits atop the loop connecting β
strands 7 and 8 in the catalytic domain, serves together with
Arg220 as a general acid to expel the 5′-OH leaving group
during the cleavage reaction (Krogh and Shuman, 2000, 2002).
To gain insights to the structural basis for DNA binding and
transesterification by topoisomerase IB, including the confor-
mational steps required for active site assembly, we have
pursued a comprehensive mutational analysis of the vaccinia
virus protein. Testing the effects of mutations at 155 individual
amino acids, indicated by • in Fig. 1, has thus far identified 10
residues that play essential or important roles in the cleavage
transesterification reaction (Arg130, Gly132, Tyr136, Lys167,
Ser204, Lys220, Arg223, Asn228, His265, and Tyr274) and 9
residues that contribute to DNA-binding affinity (Arg67, Tyr70,
Tyr72, Arg80, Arg84, Phe88, Phe101, Phe200, and Ser204)
(Fig. 1) (Shuman et al., 1989; Morham and Shuman,
1990,1992; Klemperer and Traktman, 1993; Wittschieben and
Shuman, 1994, 1997; Wittschieben et al., 1998; Petersen and
Shuman, 1997; Petersen et al., 1996; Sekiguchi and Shuman,
1997; Wang et al., 1997; Krogh and Shuman, 2001). We deem a
residue important for DNA cleavage when the single-turnover
cleavage rate constant is suppressed by at least an order of
magnitude by an alanine mutation. Residues involved in DNA
cleavage fall into two classes. The first class participates
directly in transesterification chemistry; amino acids in this
category are required for both cleavage and religation reactions,
and they enhance the rates of both steps by 2 to 5 orders of
magnitude (e.g., Arg130, Lys167, Arg223, His265). The second
class are selectively required during the forward cleavage
reaction and have little or lesser impact on the rate of religation;
such residues (Gly132, Tyr136, Ser204, Lys220, Asn228) are
implicated in the DNA-triggered conformational changes that
assemble the full active site. For most of the amino acids
implicated in DNA binding, an alanine mutation has little effect
on the rate of single-turnover DNA cleavage, but does affect the
rate of supercoil relaxation and typically renders DNA
relaxation and DNA cleavage sensitive to inhibition by salt
and magnesium (Sekiguchi and Shuman, 1997; Krogh and
Shuman, 2001).
Here we extended the mutational analysis by performing an
alanine scan of 8 residues within the N-terminal domain and 8
residues of the catalytic domain (denoted by ∣ in Fig. 1). Our
findings illuminate roles for Phe59, Gln69 and Gly73 in
supercoil relaxation and DNA binding. We also studied the
impact of a conservative substitution at Phe215, which had been
previously implicated via alanine scanning as contributing to
topoisomerase activity (Krogh and Shuman, 2001). After these
studies were completed, Perry et al. (2006) reported the crystal
structures of poxvirus topoisomerase bound at the CCCTT
target site. We interpret our findings in light of their elegant
structural studies.Results
Mutagenesis strategy and production of mutant proteins
Eight positions in the β4 and β5 strands of the N-terminal
domain were substituted by alanine to yield the following
mutants: L57A, I58A, F59A, V60A, G61A, and S62A in β4,
plus Q69A and Gly73A in and flanking β5. Eight residues in
the α8–α9 loop of the C-terminal catalytic domain were
replaced by alanine to yield mutants S241A, I242A, S243A,
P244A, L245A, P246A, S247A, and P248A. The residues
mutated are denoted by ∣ in Fig. 1. Note that Leu57, Ile58,
Phe59, Val60, Gly61, Gln69 and Ile242 of vaccinia topoisome-
rase are conserved in the topoisomerases of six other vertebrate
poxviruses of widely different host range (Shope fibroma virus,
myxoma virus, molluscum contagiosum virus, orf virus, and
fowlpox virus) and two insect poxviruses (Amsacta moorei
entomopoxvirus and Melanoplus sanguinipes entomopoxvirus)
(Fig. 1). The wild-type and mutant proteins were produced in E.
coli and partially purified from soluble bacterial extracts by
phosphocellulose chromatography. The topoisomerase poly-
peptide constituted the major species in the protein preparations,
as determined by SDS-PAGE, and the extents of purification
were essentially equivalent (Fig. 2).
Relaxation of supercoiled DNA and DNA cleavage
To assess the impact of these mutations, all proteins were
tested for their ability to relax supercoiled plasmid DNA.
Screening assays were performed in 0.1 M NaCl in the absence
Fig. 3. Kinetics of DNA relaxation. Reaction mixtures contained either 0.1 M NaCl plus 2.5 mM EDTA (NaCl) or 0.1 M NaCl plus 5 mM MgCl2 (NaCl+Mg).
Aliquots were withdrawn after 0, 0.25, 0.5, 1, 2, 5, 10, and 15 min. The reaction products were analyzed by agarose gel electrophoresis. Photographs of the ethidium
bromide-stained gels are shown.
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the dissociation of topoisomerase from the relaxed plasmid
product. The rates of relaxation were determined at a fixed level
of input protein; 2.1 ng of wild-type topoisomerase relaxed
0.3 μg of supercoiled pUC19 DNA to completion within 1 min
(Fig. 3, WT NaCl). The DNA relaxation assays were also
performed in the presence of 0.1 M NaCl plus 5 mM MgCl2.
Magnesium enhances product off-rate, without affecting the rate
of DNA cleavage by the wild-type topoisomerase (Stivers et al.,
1994). Magnesium stimulated the activity of the wild-type
enzyme such that all supercoils were relaxed in 15 s (Fig. 3, WT
NaCl+Mg). We observed that the relaxation rates of 13 of the
16 alanine-substituted proteins were equivalent to that of the
wild-type enzyme in the absence and presence of magnesium:
these were L57A, I58A, V60A, G61A, S62A, S241A, I242A,
S243A, P244A, L245A, P246A, S247A, and P248A (data not
shown).
A suicide substrate containing a single CCCTT cleavage site
was used to examine the cleavage transesterification reaction
under single-turnover conditions in the absence of added salt
and magnesium. The substrate (shown in Fig. 4) consisted of a
5′ 32P-labeled 18mer scissile strand 5′-CGTGTCGCCCTT-
ATTCCC annealed to an unlabeled 30mer strand. Upon for-
mation of the covalent protein–DNA adduct, the distal cleavage
product 5′-ATTCCC is released and the topoisomerase becomes
covalently trapped on the DNA. We measured the rates of DNA
cleavage by wild-type topoisomerase and the collection of Alamutants. All reactions attained an endpoint within 5 min, at
which time 95–98% of the input labeled DNAwas converted to
topoisomerase–DNA adduct. The apparent cleavage rate
constant (kcl) for the wild-type enzyme was 0.33 s
−1, whereas
the rate constants for the 13 relaxation-competent mutants were
as follows: L57A (0.38 s−1), I58A (0.33 s−1), V60A (0.21 s−1),
G61A (0.30 s−1), S62A (0.30 s−1), S241A (0.49 s−1), I242A
(0.35 s−1), S243A (0.36 s−1), P244A (0.38 s−1), L245A
(0.32 s−1), P246A (0.21 s−1), S247A (0.25 s−1), and P248A
(0.33 s−1) (data not shown). On the basis of these findings, we
concluded that Leu57, Ile58, Val60, Gly61, Ser62, Ser241,
Ile242, Ser243, Pro244, Leu245, Pro246, Ser247 and Pro248
are not important for topoisomerase function in vitro. These 13
mutant proteins were not analyzed further.
Effect of Phe59, Gly73 and Gln69 mutations on DNA
relaxation and DNA cleavage
Substitution of Phe59 and Gln69 by alanine had little effect
on the kinetics of DNA relaxation in the presence of 0.1 M
NaCl, as gauged by the decay of the supercoiled substrate,
whereas the G73A mutant was slowed by about a factor of two
compared to wild-type topoisomerase (Fig. 3, +NaCl). How-
ever, the F59A, Q69A, and G73A mutants displayed an aberrant
response to magnesium. None was stimulated by magnesium;
indeed, their rates of relaxation were actually lower by factors of
4 to 5 in the presence of 5 mM magnesium than in its absence
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F59A, Q69A, and G73A in the presence of NaCl plus
magnesium were reduced by factors of 8, 20, and 40,
respectively, vis a vis wild-type topoisomerase. The paradoxical
inhibition of F59A, Q69A, and G73A by magnesium (in
contrast to the stimulatory effect on wild-type enzyme)
suggested that these mutants had altered affinity for DNA in
the presence of salt and magnesium. The apparent cleavage rate
constants for these three proteins on the 18mer/30mer suicide
substrate (at low ionic strength in the absence of a divalent
cation) were as follows: F59A (0.17 s−1), Q69A (0.09 s−1),
G73A (0.08 s−1). Thus, the modest rate decrements elicited by
the alanine changes do not meet our criterion for deeming
Phe59, Gln69, or Gly73 important for transesterification.
Effects of conservative mutations at Gln69
Gln69 is located in the β5 strand along a concave surface of
the N-terminal domain proposed to mediate DNA binding in theFig. 4. Effects of Gln69 mutations on DNA cleavage. The structure of the 18mer/30
CCCTT-containing strand. (A) Reaction mixtures contained (per 20 μl) 50 mM Tris
extent of covalent complex formation is plotted as a function of time. (B–D) Reac
30mer DNA, 75 ng topoisomerase and either 0, 50, 100, 150, 200 or 250 mM NaC
plus 0, 1, 2, 4, 6, 8, or 10 mM MgCl2 (panel D) were incubated at 37 °C for either 1
The extents of covalent complex formation were normalized to that of a control r
function of NaCl (B) or MgCl2 (C and D) concentration.major groove (Sekiguchi and Shuman, 1996, 1997). Vicinal
residues Tyr70 and Tyr72 crosslink to 5′-bromocytidine bases
of the CCCTT recognition site and functional studies implicate
β5 residues Arg67, Tyr70, and Tyr72 in DNA recognition.
Thus, we envisioned that Gln69 might make direct contact with
the DNA target. To gain insight to the nature of such contacts,
we tested the effects of conservative changes to glutamate and
asparagine. We also introduced lysine, which is present in
human topoisomerase IB at the position equivalent to vaccinia
Gln69. The purity of the recombinant Q69E, Q69N and Q69K
proteins was similar to the wild-type and Q69A proteins (not
shown). Supercoil relaxation assays showed that the Q69N
mutation phenocopied Q69A (Fig. 3). The Q69K protein
relaxed the plasmids at about one-half the rate of Q69A in the
absence or presence of magnesium (Fig. 3). The introduction of
Glu was even more detrimental in the presence of magnesium.
The relative rate decrement compared to wild type for the Gln69
mutant series in the NaCl plus Mg reactions were as follows:
Ala/Asn (20-fold); Lys (40-fold); Glu (80-fold). We surmisemer suicide substrate is shown at the bottom. The DNA is 5′ 32P-labeled on the
–HCl (pH 7.5), 0.5 pmol of 18mer/30mer DNA, and 75 ng topoisomerase. The
tion mixtures (20 μl) containing 50 mM Tris–HCl (pH 7.5), 0.5 pmol 18mer/
l (panel B), or 0, 1, 2, 4, 6, 8, or 10 mM MgCl2 (panel C), or 100 mM NaCl
5 s (WT) or 1 min (Q69A, Q69E, Q69K, Q69N) and then quenched with SDS.
eaction without added salt or magnesium (defined as 100%) and plotted as a
471L. Tian, S. Shuman / Virology 359 (2007) 466–476that: (i) the hydrogen bonding potential of the amide moiety is
the key contribution of Gln69; (ii) the distance from the main
chain to the amide is critical, insofar as shortening the distance
by single methylene group (the Asn change) mimicked loss of
the amide (Ala); introduction of a positive or negative charge is
frankly detrimental. These structure–activity relationships
suggest an interaction of Gln69 with one of the bases of the
DNA target site.
Effect of salt and magnesium on DNA cleavage by Gln69,
Phe59 and Gly73 mutants
Single-turnover DNA cleavage reactions performed at low
ionic strength in the absence of a divalent cation showed that the
conservative Q69N, Q69K and Q69E changes had only a
modest effect on cleavage rate (Fig. 4A). The rate of single-
turnover cleavage by the wild-type vaccinia topoisomerase is
unaffected by the levels of salt and magnesium that strongly
stimulate DNA relaxation under steady-state conditions. The
finding that DNA relaxation by the Gln69 mutant enzymes was
inhibited by magnesium (Fig. 3) suggests that pre-cleavage
binding might be limiting under these conditions. To address
this issue, we examined the effects of salt and magnesium on
single-turnover cleavage. The amounts of covalent adduct
formed in the presence of 50, 100, 150, 200 and 250 mM NaCl,
or 1, 2, 4, 6, 8, and 10 mM MgCl2 were measured and
normalized to the extent of cleavage in unsupplemented control
reactions (Fig. 4). The reaction times differed for the wild-type
and mutant enzymes: wild-type cleavage reactions were
quenched after 15 s. Q69 mutant reactions were terminated
after 1 min. The reaction times were chosen to attain
comparable sensitivity for the effects of solution parameters
on the cleavage reaction. We observed that the wild-type
topoisomerase was unaffected by up to 100 mM NaCl, but was
inhibited progressively by 150, 200, and 250 mM NaCl (Fig.
4B). In contrast, covalent adduct formation by Q69E was salt-
sensitive. Q69E was inhibited by 70% at 100 mM NaCl and byFig. 5. Salt and magnesium inhibit cleavage by F59A and G73A. Reaction mixtures (2
topoisomerase and either 0, 50, 100, 150, 200 or 250 mMNaCl (panel a), or 0, 1, 2, 4,
MgCl2 (panel c) were incubated at 37 °C for either 15 s (WT) or 1 min (F59A, G73A)
reaction without added salt or magnesium (defined as 100%) and plotted as a functi95% at 150 mM NaCl, effectively shifting the salt inhibition
curve to the left by 100 mM (Fig. 4B). The Q69A, Q69N and
Q69K mutants displayed an intermediate salt sensitivity, with
inhibition curves shifted to the left by∼50 mM (Fig. 4B). Wild-
type topoisomerase was insensitive to magnesium up 10 mM,
whereas Q69E was inhibited progressively at 1 to 10 mM
MgCl2 (Fig. 4C). Q69A, Q69N and Q69K mutants displayed
intermediate sensitivity to inhibition by magnesium. In the
experiment shown in Fig. 4D, the cleavage reactions containing
100 mM NaCl were supplemented with increasing concentra-
tions of magnesium. The inclusion of salt rendered the wild-
type topoisomerase susceptible to inhibition by magnesium.
Again, the Q69E mutant was hypersensitized and the Q69A,
D69N and Q69K proteins displayed intermediate sensitivity.
These findings suggested that Q69 mutants, especially Q69E,
bound less avidly to the CCCTT-containing DNA substrate
under the solution conditions used to assay DNA relaxation.
F59A and G73A were also sensitized to inhibition of cleavage
by NaCl alone (Fig. 5a), magnesium alone (Fig. 5b), and the
combination of salt plus magnesium (Fig. 5c).
Conservative mutation of Phe215
In a previous alanine scan of residues within helices α5 and
α6 of the catalytic domain, we noted a mutation, F215A, that
had properties suggestive of a DNA-binding defect (Cheng et
al., 1997). Here we revisited this mutant and sought to establish
a structure–function relationship by testing the effects of the
conservative change F215L. The F21A and F215L proteins
displayed delayed kinetics of DNA relaxation in the presence of
NaCl alone and nether protein was stimulated by magnesium,
thereby resulting in a 2-fold rate decrement compared to wild-
type topoisomerase in relaxation reactions containing magne-
sium (Fig. 3, top panel). F215A was initially described as
having a modest effect on the rate of single-turnover
transesterification (kcl 0.09 s
−1) (Cheng et al., 1997). We see
the same effect here and note that the rate of cleavage by F215L0 μl) containing 50 mM Tris–HCl (pH 7.5), 0.5 pmol 18mer/30mer DNA, 75 ng
6, 8, or 10 mMMgCl2 (panel b), or 100 mMNaCl plus 0, 1, 2, 4, 6, 8, or 10 mM
. The extents of covalent complex formation were normalized to that of a control
on of NaCl (b) or MgCl2 (c and d) concentration.
Fig. 6. Effect of Phe215 mutations on DNA cleavage. (a) Reaction mixtures contained (per 20 μl) 50 mM Tris–HCl (pH 7.5), 0.5 pmol of 18mer/30mer DNA, and
75 ng topoisomerase. The extent of covalent complex formation is plotted as a function of time. (b–d) Reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH 7.5),
0.5 pmol 18mer/30mer DNA, 75 ng topoisomerase and either 0, 50, 100, 150, 200 or 250 mMNaCl (panel b), or 0, 1, 2, 4, 6, 8, or 10 mMMgCl2 (panel c), or 100 mM
NaCl plus 0, 1, 2, 4, 6, 8, or 10 mMMgCl2 (panel d) were incubated at 37 °C for either 15 s (WT) or 1 min (F215A, F215L) and then quenched with SDS. The extents
of covalent complex formation were normalized to that of a control reaction without added salt or magnesium and plotted as a function of NaCl (b) or MgCl2 (c and d)
concentration.
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both sensitized to inhibition of cleavage by NaCl alone (Fig.
6b), magnesium alone (Fig. 6c), and the combination of salt plus
magnesium (Fig. 6d). We surmise that Phe215 aids in DNA
binding and that leucine cannot fulfill this role, which implies
that either the aromatic quality of the phenyl ring or the presence
of the Cε and Cz atoms are important for optimal supercoil
relaxation activity.
Discussion
Previous mutational analyses of vaccinia topoisomerase
identified 18 amino acids that play a role in DNA binding or
transesterification. Here, by extending the mutagenesis to 16
new positions, we have identified three residues in strands β4
and β5 of the N domain – Phe59, Gln69, and Gly73 – that
enhance supercoil relaxation and DNA binding/cleavage under
conditions optimal for DNA relaxation by wild-type topoi-
somerase. These three residues are conserved in poxvirus
topoisomerases (Fig. 1), but not in human topoisomerase IB.
Gln69 is conserved in mimivirus topoisomerase IB and Dei-
nococcus topoisomerase IB (Benarroch et al., 2005; Patel et al.,
2006). The relatively benign effects of mutations at these
residues on transesterification rate under nonstringent condi-tions, together with the sensitivity of the mutant proteins to
inhibition by salt or magnesium, argue that Phe39, Gln69 and
Gly73 are involved in DNA binding or conformational steps
triggered by DNA binding.
Based on protein–DNA crosslinking studies, mutational
data, and the crystal structures of the isolated domains of
vaccinia topoisomerase, we had modeled the topoisomerase–
DNA complex as a C-shaped clamp with the N domain β4 and
β5 strands occupying the major groove on the face of the helix
opposite the scissile phosphodiester (Cheng et al., 1998).
Residues Arg67, Ty70 and Tyr72 were proposed to interact
directly with the DNA (Sekiguchi and Shuman, 1997), although
the specific atomic interactions remained to be elucidated. As
discussed under Results, our new findings concerning the
effects of Gln69 mutations suggested an interaction of Gln69
with one of the bases of the DNA target site. The effects of
mutations at Gly73 must be attributable to either steric clash or a
local change in conformation of flexibility of the main chain.
We can now draw credible inferences about the roles of these
amino acids in light of the crystal structures of DNA-bound
poxvirus topoisomerase reported recently by Perry et al. (2006).
Fig. 7 shows a stereo view of the noncovalent complex of
topoisomerase on CCCTT-containing DNA, focusing on the N
domain β4 and β5 strands and interstrand loop and the first
Fig. 7. DNA interactions of the N-terminal domain and the first helix of the catalytic domain. The stereo image was prepared in Pymol (DeLano, 2002). Protein
contacts to the phosphodiester backbone and the +2A base are denoted by dashed lines.
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elements interact with the 5′-CCCTT DNA target site from base
pairs +2T:A (in the foreground) to +4C:G. The side chains of
the β5 strand make contacts with the phosphate backbone (via
Arg67, Tyr70 and Tyr72) and the nucleosides (via Gln69, Tyr70
and Tyr72). Gln69 makes the only base-specific DNA contact
by any constituent of the N domain, comprising a bidentate
hydrogen bond from Gln69 Nε and Oε atoms to the +2
adenine N7 and the exocyclic N6 atoms, respectively (Fig. 7).
The structure readily accounts for the observed mutational
effects at Gln69, whereby asparagine phenocopies alanine
because the shorter linker prevents the amide from approach-
ing to within hydrogen-bonding distance of the adenine. The
progressive diminution of function when Gln69 is replaced by
lysine and glutamate might be attributable to steric hindrance
by the longer lysine side chain and the effects of negative
charge on the glutamate, which would disallow the contact
with adenine N7 and might also perturb the nearby Arg67
side chain (Fig. 7).
Whereas Perry et al. (2006) suggest that the base contacts of
the β5 strand explain the sequence specificity of the poxvirus
topoisomerase for the 5′-C+4C+3T+2/3′-G+4G+3A+2 portion of
the target site, the functional data suggest a more cautious view.
First, it is clearly the case that the Gln69 contact to +2A is not
required to attain specific cleavage at the CCCTT site at near
wild-type rates. Rather, the loss of this contact seems to impact
on the pre-cleavage step when the reaction conditions are made
more stringent. Second, Tian et al. (2004b) have shown that the
complete elimination of the +2 adenine base (by replacement
with a tetrahydrofuran abasic nucleoside) slowed the DNA
cleavage rate constant to 0.046 s−1, an effect that is largely
phenocopied by the Q69A mutation (kcl =0.09 s
−1) reported
here. Thus, neither the +2A base nor its contacts to the N
domain account for the sequence specificity of the poxvirus
topoisomerase. Third, a complete deletion of the N domain does
not preclude specific transesterification at the CCCTT site,
although the isolated catalytic domain cleaves the DNA very
slowly and with exquisite sensitivity to inhibition by salt andmagnesium (Cheng and Shuman, 1998). In sum, the available
data highlight the role of N domain contacts with DNA as
determinants of site affinity and DNA dynamics during
supercoil relaxation (Koster et al., 2005), with the underlying
site specificity for transesterification being an intrinsic property
of the catalytic domain.
Gly73 is located precisely at the junction between the N
domain and the start of the first long α helix (aa 74–105) of
the catalytic domain (Fig. 7). Gly73 does not interact directly
with DNA. The interdomain linker is a flexible swivel for the
large domain movements that must occur during opening and
closing of the protein clamp. The linker is protease-sensitive
in the free topoisomerase, but becomes protease-resistant
when the enzyme binds DNA (Sharma et al., 1994; Sekiguchi
and Shuman, 1995). The transition from flexible linker to
protein clamp appears to entail extension of the start of the
helix proximally from Asn81 in the apoenzyme to Lys74 in
the DNA-bound protein (Cheng et al., 1998; Perry et al.,
2006). This implies that G73 is itself the flexion point for the
movements of the N domain during the step of clamp closure,
the effect of which is to establish the contacts between β5
and the DNA major groove and to promote the bifurcated
ionic interaction of Arg80 with the pro-Sp oxygen of the
CpT+2 phosphodiester of the scissile strand (Fig. 6). We
surmise that glycine at position 73 limits further propagation
of the helix and affords flexibility at the interdomain junction.
Replacement by alanine would presumably limit the flex-
ibility and account for the reduced DNA relaxation activity
and magnesium sensitivity of the G73A mutant described
herein. It is noteworthy that a different mutant with a
glutamate at position 73 was isolated in an in vivo screen for
catalytically defective vaccinia enzymes; the G73E protein
was one-tenth as active as wild-type topoisomerase in
supercoil relaxation in assays performed in the absence of
magnesium (Morham and Shuman, 1990).
Phe59 in the β4 strand stacks on Phe71 in β5 (Fig. 7),
making three close van der Waals contacts from Phe59 Cε2 to
Phe71 Cβ (3.6 Å), Phe59 Cz to Phe71 Cγ (3.4 Å), and Phe59
474 L. Tian, S. Shuman / Virology 359 (2007) 466–476Cε1 to Phe51 Cδ1 (3.4 Å). The contributions of Phe59 to the
topoisomerase activity could be a reflection of its stabilizing
influence on the beta sheet of the N-terminal domain.
Alternatively, Phe59 and Phe71 might comprise part of the
DNA-binding surface in the major groove. The crystal structure
places Phe59 and Phe71 over the +1T:A base pair of the
CCCTT site. The 3′ portion of the incised strand is not present
in the structure, but modeling of a B-form duplex into the
structure suggests that Phe71 could extend over the 1 base of the
nonscissile strand. A firmer explanation for the role of Phe59 or
Phe71 in relaxation might emerge from a structure of
topoisomerase bound to an equilibrium cleavage substrate that
retains the 5′-OH leaving strand.
Phe215 (at the distal end of helix α7) participates in a
network of hydrophobic interactions within the catalytic
domain (Fig. 8). Phe215 makes a van der Waals contact from
Cε2 (4.0 Å) to the sulfur atom of Met121 (helix α4), from Cε1
(3.9 Å) and Cδ1 (3.7 Å) to the Cγ1 atom of Ile98 (helix α3), and
from Cz to the Cβ (3.7 Å) and Cγ (3.9 Å) atoms of Phe101
(helix α3). It is noteworthy that the Phe Cε and Cz atoms that
contact Met121, Ile98 and Phe101 are missing from the
conservative F215L mutant, which phenocopies F215A with
respect to the defect in supercoil relaxation in the presence of
magnesium. Moreover, the biochemical effects of the F215A/L
changes are strikingly similar to those of an alanine mutation of
Phe101, the residue with which Phe215 interacts (Krogh and
Shuman, 2001). A comparison of the structure of vaccinia
topoisomerase in the unliganded and DNA-bound states shows
helix α3 becomes sharply kinked when the protein binds to
DNA. The flexion point for the kink is at Met95 (indicated by
the arrow in Fig. 8). The kink of the long α3 helix facilitates the
closure of the protein clamp around the DNA duplex. We
suggest that the interacting Phe215, Phe101, Ile98 and Met121
side chains stabilize the kinked conformation of the helix
bundle and that their replacement by alanine allows the clamp to
open more readily, thereby destabilizing the protein–DNA
interaction. Consistent with this idea, the three-helix bundle isFig. 8. Hydrophobic interactions of Phe215, Phe101, Ile98 and Met121. The stereo i
side chains of helices 1 (Ile98, Phe101), 2 (Met121) and 5 (Phe215) of the catalytic do
right. The DNA is at top left.less tightly packed in the crystal structure of the free catalytic
domain, and the distances between the Met121 side chains
atoms and the Phe215 and Phe101 side chains atoms are 0.7 and
0.6 Å longer than those seen in the topoisomerase–DNA
complex.
Experimental methods
Topoisomerase mutants
Mutations were introduced into the vaccinia topoisomerase
gene by using the two-stage PCR overlap extension method (Ho
et al., 1989). NdeI-BglII restriction fragments containing the
mutated topoisomerase genes were cloned into the T7-based
expression vector pET3c. pET-Topo plasmids were transformed
into Escherichia coli BL21. Topoisomerase expression was
induced by infection with bacteriophage λCE6 (Shuman et al.,
1988). Wild-type and mutant topoisomerases were purified
from soluble bacterial lysates by phosphocellulose chromato-
graphy (Shuman et al., 1989). The protein concentrations of the
phosphocellulose preparations were determined by using the
dye-binding method (BioRad) with bovine serum albumin as
the standard.
DNA supercoil relaxation
Reaction mixtures containing (per 20 μl) 50 mM Tris–HCl
(pH 7.5), 0.3 μg of supercoiled pUC19 DNA, and 2.1 ng of
topoisomerase, and either 0.1 M NaCl plus 2.5 mM EDTA or
0.1 M NaCl plus 5 mM MgCl2 were incubated at 37 °C. The
reactions were initiated by the addition of enzyme. Aliquots
(20 μl) were withdrawn after 0, 0.25, 0.5, 1, 2, 5, 10, and 15 min
and quenched immediately with SDS. The time 0 samples were
taken prior to addition of enzyme. The reaction products were
analyzed by agarose gel electrophoresis. The gels were stained
with ethidium bromide and photographed under UV
illumination.mage was prepared in Pymol. A network of van der Waals contacts between the
main are denoted by dashed lines. The kink in helix 1 is indicated by the arrow at
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An 18mer CCCTT-containing DNA oligonucleotide was 5′
end-labeled by enzymatic phosphorylation in the presence of
[γ32P]ATP and T4 polynucleotide kinase, then gel-purified and
hybridized to a complementary 30mer strand. Cleavage reaction
mixtures containing (per 20 ml) 50 mM Tris–HCl (pH 7.5),
0.5 pmol of 18mer/30mer DNA, and 75 or 150 ng topoisome-
rase were incubated at 37 °C. The reactions were quenched by
adding SDS to 1%. The samples were analyzed by SDS-PAGE.
Covalent complex formation was revealed by transfer of
radiolabeled DNA to the topoisomerase polypeptide. The extent
of covalent adduct formation (expressed as the percent of the
input 5′ 32P-labeled oligonucleotide that was transferred to
protein) was quantified by scanning the dried gel using a FUJIX
BAS2500 Bio-Imaging Analyzer. Cleavage rate constants (kcl)
were determined by normalizing the data to the endpoint
values (redefined as 100) and fitting to the equation 100−%
Cleavage(norm)=100 e
−kt.
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